F-box protein MAX2 has dual roles in karrikin and strigolactone signaling in Arabidopsis thaliana by Nelson, David C. et al.
F-box protein MAX2 has dual roles in karrikin and
strigolactone signaling in Arabidopsis thaliana
David C. Nelsona, Adrian Scaffidib, Elizabeth A. Dunc, Mark T. Watersa, Gavin R. Flemattib, Kingsley W. Dixond,e,
Christine A. Beveridgec, Emilio L. Ghisalbertib, and Steven M. Smitha,b,1
aAustralian Research Council Centre of Excellence in Plant Energy Biology, bSchool of Biomedical, Biomolecular and Chemical Sciences, and dSchool of Plant
Biology, University of Western Australia, Crawley WA 6009, Australia; and cSchool of Biological Sciences, University of Queensland, St. Lucia QLD 4072, Australia;
and eKings Park and Botanic Garden, West Perth WA 6005, Australia
Edited* by Peter H. Quail, University of California at Berkeley, Albany, CA, and approved April 19, 2011 (received for review January 18, 2011)
Smoke is an important abiotic cue for plant regeneration in
postfire landscapes. Karrikins are a class of compounds discovered
in smoke that promote seed germination and influence early de-
velopment of many plants by an unknown mechanism. A genetic
screen for karrikin-insensitive mutants in Arabidopsis thaliana
revealed that karrikin signaling requires the F-box protein MAX2,
which also mediates responses to the structurally-related strigolac-
tone family of phytohormones. Karrikins and the synthetic strigo-
lactone GR24 trigger similar effects on seed germination, seedling
photomorphogenesis, and expression of a small set of genes dur-
ing these developmental stages. Karrikins also repress MAX4 and
IAA1 transcripts, which show negative feedback regulation by stri-
golactone. We demonstrate that all of these common responses
are abolished in max2 mutants. Unlike strigolactones, however,
karrikins do not inhibit shoot branching in Arabidopsis or pea, in-
dicating that plants can distinguish between these signals. These
results suggest that a MAX2-dependent signal transduction mech-
anism was adapted to mediate responses to two chemical cues
with distinct roles in plant ecology and development.
Seed germination is a crucial developmental transition in theplant life cycle. As such it is highly regulated in many plant
species by physiological seed dormancy, which prevents germi-
nation except under specific environmental conditions (1). Smoke
elicits a significant ecological impact on postfire environments, as
it is known to stimulate germination of over a thousand plant
species (2, 3). A key bioactive signal in smoke was discovered to
be the butenolide 3-methyl-2H-furo[2,3-c]pyran-2-one (4, 5),
which is now known as karrikinolide or KAR1 (3). Five additional
analogous butenolide compounds have since been identified in
smoke and comprise a unique family known as karrikins (6).
Karrikins trigger germination and promote seedling vigor for
a broad range of plant species at concentrations as low as 1 nM
(7–9).
Karrikins can strongly enhance germination of primary dor-
mant Arabidopsis thaliana seed, although this response depends
upon the depth of seed dormancy and requires both light and
synthesis of the phytohormone gibberellin (10). KAR1 and KAR2
(Fig. 1A) were found to be the most active karrikins in Arabidopsis
(10). A microarray-based investigation of molecular responses to
KAR1 preceding germination revealed a predominance of light-
regulated transcripts among karrikin-responsive genes (11). We
also discovered that germination of nondormant Arabidopsis seed
is triggered at lower fluences of red light when treated with KAR1.
Cotyledon expansion and inhibition of hypocotyl elongation
are enhanced in the presence of germination-active karrikins in
a light-dependent manner, providing further evidence of karrikin
crosstalk with light signaling pathways. Indeed, the transcription
factor HY5, which is a key player in light signal transduction, is
up-regulated by karrikins and has a role in postgerminative kar-
rikin responses. We found, however, that HY5 is not required for
the induction of early KAR-responsive transcripts in seeds (11).
Therefore, central components of the karrikin response mecha-
nism remain unknown.
Karrikins share partial structural similarity with strigolactones
(Fig. 1A), a family of phytohormones present in root exudates that
stimulate germination of parasitic weeds (Orobanche and Striga
spp.) (12, 13) and enhance hyphal branching in arbuscular mycor-
rhizal fungi (14). Additionally, strigolactones or a strigolactone-
derived signal repress shoot branching. For the remainder of this
article, we will simply refer to the active signal as strigolactone. As
demonstrated by an array of mutants in pea, rice, petunia, and
A. thaliana, strigolactone deficiency or insensitivity gives rise to
increased shoot branching (reviewed in refs. 15, 16). In Arabi-
dopsis, several more axillary growth (max) mutants have been
characterized. Two carotenoid cleavage dioxygenases, MAX3/
CCD7 and MAX4/CCD8, and a cytochrome P450 enzyme,
MAX1, are implicated in the formation of strigolactone (17–23).
Multiple strigolactones are produced in Arabidopsis, including
orobanchol and orobanchyl acetate (24, 25). The ccd7 and ccd8
mutants are strigolactone-deficient, and application of the syn-
thetic strigolactone GR24 restores inhibition of axillary shoot
outgrowth to these mutants in rice, pea, and Arabidopsis (18, 19).
Reciprocal grafting experiments demonstrated that the F-box
protein MAX2 acts downstream of MAX1/MAX3/MAX4 (26).
Consistent with this result, shoot branching in max2 is insensitive
to GR24 (18, 19). Recently, max1 and max4 mutants in Arabi-
dopsis, but not max2, have been shown to have significantly re-
duced levels of orobanchol (25), providing further evidence that
the increased branching of max2 is not caused by a defect in
strigolactone production.
There are distinct as well as common responses to these two
plant-growth regulators. As is the case with karrikins, GR24 has
been shown to stimulate seed germination and inhibit hypocotyl
elongation in Arabidopsis (10, 11, 27). However, GR24 is typically
required at much higher concentrations than karrikins to promote
seed germination of Arabidopsis and Brassica tournefortii, and
KAR1 is unable to stimulate germination of at least four GR24-
responsive parasitic weed species (7, 10). KAR1 is also inactive in
assays for induction of hyphal branching in arbuscular mycor-
rhizal fungi, although strigolactones are extremely effective (14,
28). Karrikin molecules have a butenolide moiety in common with
the D-ring of strigolactones (Fig. 1A, highlighted in red). The
butenolide D-ring of strigolactones is necessary, but not suffi-
cient, to stimulate germination of parasitic weeds and hyphal
branching of arbuscular mycorrhizal fungi (28, 29). As several
variants of this butenolide ring were also ineffective as Arabi-
dopsis seed-germination stimulants (Fig. S1), the similar respon-
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ses to karrikins and strigolactones in Arabidopsis are not because
of the butenolide moiety alone. Thus, two hypotheses have
emerged: karrikins and strigolactones have completely distinct
receptors and signaling mechanisms, or they share a common
signal transduction pathway with species/developmental stage-
specific ligand preferences. In this work we investigate possible
mechanistic and genetic links for these two classes of chemical
signals in regulation of Arabidopsis development.
Results
Two max2 Alleles Are Identified from a Genetic Screen for Karrikin-
Insensitive Mutants. To identify components of the karrikin re-
sponse mechanism, we took advantage of the ability of KAR1 to
promote Arabidopsis seed germination strongly (10). A primary
dormant M2 population of γ-irradiated Ler (Landsberg erecta
ecotype) seed was screened for failure to germinate on water-
agar supplemented with 1 μM KAR1. Nongerminating seed were
transferred to nitrate-containing media to overcome dormancy
and induce germination of viable seed. Primary dormant M3 seed
from candidate karrikin-insensitive (kai) mutants were rescreened
for germination insensitivity to KAR1. Seven of 245 putative kai
lines maintained a reduced germination phenotype in the pres-
ence of KAR1.
Two kai mutants, kai1-1 and kai1-2, shared multiple pheno-
types, including increased axillary shoot branching, reduced in-
florescence height, delayed senescence, leaf curling, and elongated
hypocotyls (Fig. 1 B–D). The kai1 seed had enhanced primary
dormancy, which could be partially overcome by 10 mM KNO3
treatment, but was completely unresponsive to promotion of
germination by KAR1, KAR2, or GR24 (Fig. 1E).
We noted that kai1-1 and kai1-2 exhibited several phenotypes
in common with the Arabidopsis mutant more axillary growth 2
(max2), which has also been identified in genetic screens as
oresara9 (ore9) (30), a delayed senescence mutant, and pleiotro-
pic photosignaling (pps) (31), a light hyposensitive mutant. Se-
quencing of the MAX2 gene in kai1-1 and kai1-2 mutants
revealed two unique alleles: a 4-bp net insertion (now called
max2-7) and a 4-bp deletion (now called max2-8), resulting in
frame-shifts of the 693 aa-encodingMAX2 ORF after 248 and 66
codons, respectively (Fig. 2A).
Germination and Photomorphogenesis Responses to Karrikins and
GR24 Are Abolished in max2. To further test the link between kai1
phenotypes and the MAX2 locus, we examined two additional
alleles, max2-1 and max2-2, which were previously identified in
the Columbia (Col) ecotype (22). Supporting our results with
max2-7 and max2-8, these max2 alleles also exhibited highly re-
duced germination (Fig. 2B). After 92 h in continuous white light
conditions, max2-1 and max2-2 seeds attained ∼10% to 20%
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Fig. 1. Identification of two karrikin-insensitive mutants. (A) Structure of
the two most highly active karrikins on A. thaliana, KAR1 and KAR2, and the
synthetic strigolactone GR24. The common butenolide ring is highlighted in
red. (B) Reduced stature, increased axillary branching, and delayed senes-
cence in adult kai1-1 compared with wild-type. (C) Peripheral leaf curling in
kai1-1. (D) Eight-day-old seedlings grown on 0.5×MS + 0.5% (wt/vol) sucrose
at 21 °C under continuous white light, 100 μmol·m2·s. (Scale bar, 2 mm.) (E)
Germination after 1 wk in continuous white light, 20 °C, of primary dormant
Ler and kai1 seed on water-agar supplemented with 1 μM KAR1, 1 μM KAR2,
10 μM GR24, or 10 mM KNO3. Data are means ± SE (n = 4 independent seed
batches, ≥75 seeds per sample).
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Fig. 2. MAX2 is required for germination and photomorphogenesis
responses to karrikins and strigolactone. (A) kai1-1 (now max2-7) and kai1-2
(now max2-8) have frame-shift mutations in MAX2. The arrow indicates the
2,082-bp MAX2 single exon ORF. Wild-type nucleotides in light gray are
absent in these alleles. (B) Germination after 92 h in continuous white light,
20 °C, of max mutants on water-agar supplemented with 1 μM KAR1, 1 μM
KAR2, or 10 μM GR24. Data are means ± SE (n = 3–4 independent seed
batches, ≥75 seeds per sample). (C) Hypocotyl elongation responses of max
mutants grown 4 d under continuous red light on 0.5× MS media (white
bars) supplemented with 1 μM KAR1 (black), 1 μM KAR2 (dark gray), or 1 μM
GR24 (light gray). Data are means ± SE (n = 3, ≥15 seedlings per sample).
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germination on water-agar control media, compared with ∼70%
germination for Col wild-type. In addition, germination was not
enhanced by KAR1, KAR2, or GR24 in either max2 allele (Fig.
2B). It was previously reported that max2 alleles have reduced
germination following red or far-red light pulses because of light
hyposensitivity (31). However, as light exposure was not a limit-
ing factor in our assays, we propose that the low germination of
max2 is also consistent with increased seed dormancy. This max2
phenotype may not have been observed by other researchers, as
primary dormancy in Arabidopsis is readily alleviated by the
common laboratory practices of after-ripening, sowing seed on
nitrate-containing media [e.g., Murashige and Skoog (MS)], and
cold stratification (32), procedures which we did not follow.
Seed dormancy state has been demonstrated to restrict the
germination response to karrikins or smoke (9, 10). In our hands,
Col seed has low primary dormancy and its germination is not
strongly promoted by karrikin (Fig. 2B and ref. 10). Thus, it
could be argued that this assay is not sufficiently amenable to test
for karrikin responses in max2 seed. However, seedling photo-
morphogenesis is consistently enhanced by karrikins in multiple
Arabidopsis ecotypes, including Col, even after alleviation of
seed dormancy (11). One micromolar KAR1, KAR2, and GR24
inhibited hypocotyl elongation of wild-type Col under continuous
red light by ∼25%, 45%, and 65%, respectively, and similar
degrees of inhibition were observed in max1, max3, and max4
seedlings (Fig. 2C). In contrast, hypocotyl elongation of max2
was unaffected by treatment with karrikins or GR24 (Fig. 2C).
The max2 hypocotyls were also more elongated compared with
wild-type (10.5 mm vs. 8.4 mm, P < 0.001), consistent with prior
reports (22, 31). We conclude that MAX2 regulates seed dor-
mancy, and is also required for early developmental responses to
both karrikins and strigolactones.
Unlike max2, the max1, max3, and max4 mutants exhibited
normal seed germination and hypocotyl length under control
conditions, and maintained wild-type growth responses to both
karrikin and GR24 (Fig. 2 B and C). Thus, other components of
the MAX pathway, which are involved in the biosynthesis of
strigolactones, are not required for karrikin activity. This finding
also demonstrates that although Arabidopsis plants are compe-
tent to respond to exogenous strigolactone application during
early developmental stages in a MAX2-dependent manner, stri-
golactone deficiency does not appear to affect normal seed
dormancy or hypocotyl elongation.
In contrast with our results, Tsuchiya et al. (27) found that
max1-1 seed has reduced germination compared with wild-type
under a specific light condition. As only a single strigolactone-
deficient allele was reported, and details with regard to seed
dormancy, light intensities, and growth media are not described,
it is difficult to address whether this observation does, in fact,
indicate a role for endogenous strigolactones in promoting seed
germination in particular circumstances.
MAX2 Is Required for Induction of Early Transcriptional Markers of
Karrikin Response.We previously demonstrated that the ga1-3 and
hy5-1 mutants maintain transcriptional responses to karrikin de-
spite displaying karrikin hyposensitivity in germination or hypo-
cotyl elongation assays, respectively (11). To determine if MAX2
has a central role in karrikin signaling, we examined the effects
of KAR1, KAR2, and GR24 on early transcriptional markers of
karrikin response in the max2 mutant. The most quickly and
strongly karrikin-induced transcripts in primary dormant Ler
seed include a double B-box domain transcription factor, STH7
(At4g39070), an oxidoreductase, KUOX1 (At5g07480), and an-
other F-box protein, KUF1 (At1g31350) (11). We found that
GR24 was as effective as karrikins in up-regulating these three
marker genes after 24 h of seed imbibition, providing molecular
evidence that strigolactones and karrikins may share some sig-
naling mechanisms (Fig. 3). However, no induction of these
markers by either karrikin or GR24 was observed in imbibed
max2-7 or max2-8 seed, demonstrating that this is a MAX2-
dependent response (Fig. 3). In seedlings ofmax2-7 andmax2-8, a
similar lack of STH7 and KUF1 transcriptional responses to kar-
rikin or GR24 was observed (Fig. S2). These findings are further
supported by a recent report that STH7 is induced by GR24 ap-
plication within 3 h in max1, but not max2, seedlings (33).
Notably, STH7 and KUF1 transcripts were respectively re-
duced by ∼25- and 3.5-fold in untreated max2 seed (Fig. 3) and
∼4- and 1.5-fold in max2 seedlings (Fig. S2), indicating that
MAX2 promotes their expression even in the absence of exoge-
nous treatments. In contrast to the strong, early markers of
karrikin response, HY5 is only mildly induced by karrikin after
∼12 to 24 h of seed imbibition (11). Although HY5 transcript
abundance was not decreased in max2 seed relative to wild-type,
as it was for the early markers, max2 also lacked the small but
significant up-regulation of HY5 by karrikin or GR24 treatment
(Fig. 3). As early transcriptional markers as well as devel-
opmental responses to karrikins and strigolactone are abolished
inmax2, we conclude that MAX2 is an essential part of the signal
transduction mechanism for both of these classes of plant-
growth regulators.
MAX4 and IAA1 Are Suppressed by Karrikins in a MAX2-Dependent
Manner. Negative feedback regulation of transcripts involved in
strigolactone biosynthesis (e.g., MAX3/CCD7 and MAX4/CCD8)
has been previously observed in several species (23, 33–38). In
the Arabidopsis max1, max2, max3, and max4 mutants, MAX3
and MAX4 as well as auxin-responsive IAA1 transcripts are all
elevated (34). Complementing this observation, application of
GR24 tomax1 seedlings suppressed the overexpression ofMAX3
and MAX4 (33). The feedback inhibition mechanism appears to
be MAX2-dependent (33). To test whether karrikins can mimic
strigolactone feedback, we examined the expression of MAX4
and IAA1 in treated wild-type and max2 seedlings (in our hands,
MAX3 expression was too low for reliable detection). KAR1 and
KAR2 reduced MAX4 and IAA1 expression by approximately
twofold in wild-type seedlings (Fig. 4). These responses were
similar to those observed in GR24-treated seedlings, except that
although karrikins and GR24 have the same effects on IAA1
expression, karrikins were less effective than GR24 as inhibitors
of MAX4 expression. As expected, MAX4 and IAA1 were up-
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Fig. 3. Early transcriptional responses to karrikin and strigolactone are
abolished inmax2 seed. Relative expression (to CACS reference transcript) of
STH7, KUF1, KUOX1, and HY5 in primary dormant wild-type (Ler) and max2
seed imbibed 24 h in continuous white light, 20 °C, on water-agar (white)
supplemented with 1 μM KAR1 (black), 1 μM KAR2 (dark gray), or 10 μM
GR24 (light gray). Expression is scaled to the water control expression level in
max2-7. Data are means ± SD (n = 3–4 independent seed batches). *P < 0.01,
two-tailed t test comparison with control expression in each genotype.
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regulated in max2 seedlings and unresponsive to either karrikin
or GR24 treatment (Fig. 4).
Karrikins Do Not Suppress Shoot Branching in Arabidopsis or Pea.
The above data suggest that karrikins and strigolactones share
a common MAX2-dependent signal transduction mechanism in
Arabidopsis. However, as there are multiple examples that in-
dicate these signals are not interchangeable (see Introduction),
distinct functional roles for karrikins and strigolactones in other
aspects of plant development may be expected. To determine
whether karrikins can compensate for the effect of strigolactone
deficiency in adult plants, we tested the response of max3 and
max4 axillary shoot development to KAR1 and KAR2. Shoot
branching in both mutants was clearly suppressed by GR24 de-
livered hydroponically through roots, but was insensitive to an
equivalent karrikin application (Fig. 5 A and B). The lack of
a max4 branching response to karrikins was confirmed in-
dependently by two of us in a second laboratory (E.A.D. and C.
A.B.) using an alternative semihydroponic application method
(Fig. S3). As expected, the increased shoot branching phenotype
of max2 mutants was insensitive to any treatments (Fig. S3).
Thus, strigolactones regulate shoot branching by a MAX2-de-
pendent mechanism that does not recognize karrikins.
To address the possibility that karrikins only appear to be
ineffective shoot branching inhibitors in our assays because they
are not taken up by roots and delivered to shoots, we examined
transport of [3H]-KAR1 in hydroponically grown Arabidopsis
plants. Radioactivity was detectable in the lower stem within 3 h
of addition to hydroponic media, and continued to increase in
abundance throughout the plant over the 96-h time course (Fig.
5C). Although transport was initially observed in stem tissue,
by 96 h the radiolabel was present in all aerial tissues and
most highly concentrated in the siliques (Fig. S4). Scintillation
counting of HPLC-fractionated (6) plant extracts confirmed that
[3H]-KAR1 was present in each part of the plant. This finding
demonstrates that karrikin is readily taken up by roots and dis-
tributed throughout the aerial tissue of adult plants.
We performed an additional test for karrikin influence on bud
outgrowth in pea, which is responsive to GR24 at concentrations
as low as 10 nM (18). As previously demonstrated, bud elongation
of rms1 (equivalent to Arabidopsis max4) plants was strongly sup-
pressed by direct application of 1 μMGR24, but rms4 (equivalent
to Arabidopsis max2) buds had no significant response to the
treatment (Fig. 6). In contrast, even at a 10-μM concentration
neither KAR1 nor KAR2 reduced bud elongation in the rms1
mutant. Furthermore, rms4 was similarly unresponsive to karri-
kins. Thus, karrikins appear to be ineffective inhibitors of axillary
shoot outgrowth in both pea and Arabidopsis, and cannot com-
pensate for strigolactone deficiency in this aspect of development.
Discussion
As structurally related molecules, it is perhaps not altogether
surprising that karrikins and strigolactones can similarly promote
seed germination, inhibit hypocotyl elongation, and up-regulate
expression of a common subset of genes in Arabidopsis. Even
more suggestive of a common perception mechanism is the
feedback effect of karrikins on MAX4 and IAA1 expression.
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However, these signaling molecules are also quite distinct in
terms of their known sources (i.e., in planta vs. smoke), as well as
the effects they produce on seed from different species, arbus-
cular mycorrhizal association, and shoot branching. Thus, the
extent of the relationship between karrikins and strigolactones
has in the past remained unclear. Through a forward genetic
screen we have now clearly linked the signal transduction for
these two families of plant-growth regulators and identified
previously unexplored roles for MAX2 as a key regulator of
karrikin signaling and seed dormancy.
With the revelation that karrikin and strigolactone signaling
must converge at or before MAX2, we wished to address whether
these ligands are metabolically linked to produce a common
signal transduced by MAX2. For example, karrikins may not have
restored branching suppression in the max3 or max4 mutants
if they must be converted to a strigolactone-related signal in a
MAX3/MAX4-dependent manner. However, as max3 and max4
were fully responsive to karrikin during germination and seedling
development, this contradicts a MAX3/MAX4-dependent metab-
olism model. One possible explanation for this discrepancy is that
conversion of karrikin to an active strigolactone-related signal
may be specifically lacking in adult tissues. However, we alter-
natively propose that karrikins converge with strigolactones at the
point of signal transduction rather than through metabolism.
MAX2 encodes an F-box protein with 18 leucine-rich repeats
(30). F-box proteins act as components of the SCF (Skp1, Cullin,
RBX1, F-box protein) complex, a class of E3 ligases that ubiq-
uitinate specific target proteins. Depending on the degree of
ubiquitination, modified proteins may have altered function or
be targeted for degradation by the 26S proteasome. An F-box
protein acts as an adapter protein for the SCF complex; the
N-terminal F-box domain associates with Skp1 and the C ter-
minus confers substrate specificity (39). MAX2 was shown to
interact with the Arabidopsis homolog of Skp1, ASK1, in yeast
two-hybrid and in vitro binding assays (30).
F-box proteins have been implicated in the direct perception
or early signal transduction of several phytohormones, including
auxin (40), jasmonic acid (41), and gibberellin (42). For each of
these hormones, the F-box protein targets negative regulators of
transcription factors that carry out the hormone responses. In
the case of auxin, association of the F-box protein TIR1 with an
Aux/IAA negative regulator is promoted by auxin-binding in a
TIR1 pocket, a nonallosteric interaction in which the ligand acts
as “molecular glue” (43). In the current model of gibberellin
signaling, however, the receptor GID1 undergoes allosteric ac-
tivation after gibberellin-binding, which enhances its association
with the DELLA negative regulators and promotes their recog-
nition by the F-box protein SLY1 (44).
As max2 is insensitive to the synthetic strigolactone GR24, it
has been hypothesized that MAX2 may either be the strigo-
lactone receptor or associate with a receptor complex (18, 39).
Whatever the case may be, we now propose that MAX2 also
manages karrikin signal transduction in a manner similar to that
for strigolactones. In a dual-role scenario, how might MAX2
distinguish between karrikin and strigolactone signals during
regulation of shoot branching, but not during seed germination
and seedling establishment? The d14/htd2/d88 mutant in rice
exhibits strigolactone-insensitive, enhanced tillering, as well as
feedback up-regulation of strigolactone biosynthesis genes (45–
47). D14 is classified as an α/β-fold hydrolase superfamily mem-
ber, as is the gibberellin receptor GID1, and has been proposed
to be a potential component of strigolactone signaling (45). In
a model based upon the gibberellin signaling mechanism, MAX2
could target strigolactone or karrikin pathway repressors for
proteasomal degradation upon their specific association with a
respective ligand-activated D14 homolog (Fig. S5). The spatio-
temporal availability of either the receptors or signaling pathway
repressors could then restrict the effects of these two families of
plant-growth regulators during different stages of development.
As future studies reveal additional components of the MAX2-
dependent pathway, it will be interesting to determine how an
abiotic smoke signal and a phytohormone came to share a com-
mon signal integration point.
We finally note that the max2 mutants exhibit enhanced seed
dormancy, elongated hypocotyls, and gene expression (e.g., STH7,
KUF1, KUOX1) phenotypes that are opposite to the effects of
karrikin or GR24 application on wild-type plants (summarized in
Fig. S6). As these phenotypes are not present in the strigolactone-
deficient max1, max3, or max4 mutants, it may indicate over-
accumulation of a constitutive karrikin pathway repressor inmax2.
Alternatively, this observation may suggest the existence of an en-
dogenous nonstrigolactone-derived signal at these growth stages
to which max2 mutants can no longer respond. If such a signal
were structurally similar to karrikins and strigolactones, it could
explain the broad conservation of a karrikin-response mechanism
in plant species from nonfire-prone environments, such as A.
thaliana, in the absence of an obvious selective pressure.
Materials and Methods
Plant-Growth Conditions, Germination Tests, Hypocotyl Elongation Assays, and
qRT-PCR. Plant-growth conditions, germination tests, hypocotyl elongation
assays, and qRT-PCR were performed as previously described (10, 11). MAX4
and IAA1 primer sequences were the same as in Hayward et al. (34). Karrikin
and GR24 stock (1,000×) solutions were prepared in acetone. In each ex-
periment, the control contained an equivalent amount of acetone.
kai Screen. γ-Ray irradiated (Co-60 source, 45 krad) M1 Landsberg erecta seed
(Lehle Seeds) was grown under continuous light conditions. Primary dor-
mant M2 seed were after-ripened 2 wk and selected on water-agar sup-
plemented with 1 μM KAR1 for nongermination after 7 to 8 d in continuous
light, 20 °C, and transferred to 0.5× MS media to recover germination of
viable seed.
Arabidopsis Shoot Branching Assays. Seedlings were grown in 16-h light:8-h
dark for 7 d and transferred to perlite substrate in clear, sterile pots with 0.3×
MS + Gamborg vitamins (Sigma), 2 mM Mes, pH 5.7 liquid media. Media
supplemented with 5 μM KAR1, 5 μM KAR2, or 5 μM GR24 was exchanged
weekly. All solutions contained 0.05% (vol/vol) acetone. Rosette shoot
branches ≥ 5 mm were assayed when plants were 42 d old. Semihydroponic
phytatray assays shown in Fig. S3 were performed as previously described
(48), except growth was at 24 °C and rosette branches longer than 5 mm
were counted when plants were 35 d old.
Pea Bud Outgrowth Assays. Pea bud outgrowth assays were performed as
previously described (49), except solutions contained 0.1% (vol/vol) acetone.
[3H]-KAR1 Transport Assays. For a more detailed description of the experi-
mental setup, please see SI Materials and Methods. In brief, A. thaliana (Ler)
plants were grown on a rockwool substrate plug in the lid of 15-mL tubes.
Roots were fed liquid 0.5× MS + Gamborg vitamins, 2 mM Mes, pH 5.7
media. Before addition of [3H]-KAR1, an air gap was made between the
media and rockwool to prevent direct moistening of the plug. [3H]-KAR1 was
added to a 10-ppm concentration to the media of 5-wk-old flowering plants,
and plant tissue was harvested over a 96-h period. Scintillation activity of
tissue in Beckman Coulter Ready-Safe Liquid Scintillation Mixture was de-
termined over a 10-min interval using a Beckman Coulter LS6500 Multipur-
pose Scintillation Counter.
Synthesis of Karrikins, GR24, and Butenolides. KAR1 (50), [7-
3H1]-KAR1 (51),
KAR2 (50), GR24 (52), butenolide B1 [3,4,5-trimethylfuran-2(5H)-one] (53),
B2 [3-methylfuran-2(5H)-one 3-methyl] (54), B3 [4-methylfuran-2(5H)-one]
(54), and B4 [3,4-dimethylfuran-2(5H)-one] (55) were prepared as previously
described.
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SI Materials and Methods
[3H]-KAR1 Transport Assays. The cap and bottom half of the conical
end of 0.5-mL microfuge tubes were cut off before the addition of
a piece of rockwool. The microfuge tubes were then inserted into
the rack of a 1-mL pipette tip box followed by the addition of 0.5×
MS media (supplemented with Gamborg vitamins) to a level that
allowed the rockwool to be wet. Arabidopsis thaliana (Ler) seeds
were treated at 4 °C overnight in 0.1% agar before a few seeds
were pipetted onto the rockwool in each tube. The pipette
box was covered and placed in a growth room with a 12-h light/
12-h dark photoperiod. After 1 wk, the lid of the pipette box was
slowly removed over 3 d. After a further 5 d, the seedlings were
thinned out and grown under a 16-h light/8-h dark photoperiod.
The plants were allowed to grow in the pipette boxes for a total
of 4 wk with the media only changed once after 14 d. The mi-
crofuge tubes were then removed from the pipette boxes and
transferred to individual 15-mL Falcon tubes that were modified
with a hole in the lid for the microfuge tube to be inserted and
fresh media added. A small hole at the 14-mL mark was drilled
to allow for watering. The plants were allowed to grow for
a further 1 wk, at which stage all of the plants had flowered. The
media in the Falcon tubes was then exchanged for a 10 ppm
[3H]-KAR1 and 0.5× MS media with Gamborg salts. The plants
were then harvested at different time points and separated into
seven segments, with each segment of plant tissue weighed in a
tared 6-mL plastic scintillation vial. Beckman Coulter Ready-
Safe Liquid Scintillation Mixture (4 mL) was added to each vial
and the activity determined over a 10-min interval using a
Beckman Coulter LS6500 Multipurpose Scintillation Counter.
All experiments were done in quadruplicates.
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Fig. S1. The butenolide moiety shared by karrikins and strigolactones is not sufficient to trigger germination. Primary dormant Ler was assayed after 7 d in
continuous white light, 100 μmol·m2·s, 20 °C, for germination on 0.8% water-agar supplemented with 1- or 10-μM concentrations of four different butenolides
(B1–B4). Response to 1 μM KAR1 is shown for comparison. Data are means ± SD (n = 2 replicates, 100 seeds per replicate per treatment) A z-test for two
proportions with a 95% confidence interval indicated that KAR1 significantly enhances germination and 10 μM B1 significantly inhibits germination. B1 was
previously reported to inhibit lettuce germination at 10 μM and higher concentrations (1).
1. Light ME, Burger BV, Staerk D, Kohout L, Van Staden J (2010) Butenolides from plant-derived smoke: Natural plant-growth regulators with antagonistic actions on seed germination.
J Nat Prod 73:267–269.
MS KAR1 KAR2 GR24
0
0.5
1
1.5
2
Ler max2-7 max2-8
0
1
2
3
4
Ler max2-7 max2-8
STH7 KUF1
re
lat
ive
 ex
pr
es
sio
n
*
*
*
*
*
Fig. S2. Karrikins induce STH7 and KUF1 transcripts in seedlings in aMAX2-dependent manner. Relative expression (to CACS reference transcript) of STH7 and
KUF1 in wild-type (Ler) and max2 seedlings grown as described for hypocotyl elongation assays after 3 d in continuous red light on 0.5× MS (white) sup-
plemented with 1 μM KAR1 (black), 1 μM KAR2 (dark gray), or 1 μM GR24 (light gray). Expression is scaled to the control expression level in wild-type Ler. Data
are means ± SD (n = 3–4 independent pools of several dozen seedlings). *P < 0.02, two-tailed t test comparison with control expression in each genotype.
Nelson et al. www.pnas.org/cgi/content/short/1100987108 1 of 3
01
2
3
4
5
Col max2 max4
ro
se
tt
e 
ax
ill
ar
y 
sh
o
o
ts
*
MS
KAR1
KAR2
GR24
Fig. S3. Karrikins do not suppress shoot branching in Arabidopsis. Number of rosette axillary shoots in Col,max2, andmax4 Arabidopsis plants grown for 35 d
in phytatrays with 0 or 5 μM KAR1, KAR2, or GR24. Data are means ± SE (n = 6–21). *P < 0.01, two-tailed t test comparison with control treatment shoot number
in each genotype.
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Fig. S4. Accumulation of [3H] in aerial tissue of Ler plants after addition of [3H]-KAR1 to hydroponic media. (A) Heat map of [
3H] abundance in different aerial
tissues after 96 h of uptake. This also diagrams regions of tissue analyzed in B. Data are means ± SE (n = 4).
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Fig. S5. A hypothetical model for dual signal mediation by MAX2. (A) A generic F-box signaling module derived from the gibberellin signaling mechanism, in
which ligand-binding promotes interaction of a receptor and repressor protein, leading to enhanced recognition of the repressor by an F-box protein in an E3
ubiquitin-ligase complex. Subsequent polyubiquitination and 26S proteasomal degradation of the repressor protein produces the developmental response to
the ligand. (B) Extension of the generic signaling module in A to form a hypothetical model for MAX2-mediated responses to karrikins and strigolactones. The
F-box protein MAX2 can target two types of repressors, which control either shoot branching (dark blue) or germination, photomorphogenesis, and tran-
scriptional responses of several karrikin/strigolactone-responsive genes (light blue). Repressor recognition by MAX2 is achieved by formation of a ligand-
receptor-repressor complex. D14 and its homologs are possible candidate receptors for strigolactones (S) and karrikins (K). Receptor availability or specific
receptor-repressor associations could mediate the potential for karrikin-responsiveness at different growth stages.
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Fig. S6. Summary of phenotypes and responses to karrikins and strigolactones in max mutants. The circle indicates the wild-type control phenotype. The
upward arrow (red) means increased measure relative to wild-type control; downward arrow (blue) indicates decreased measure.
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